The purpose of this study was to characterize the variation in biochemical composition of 89 strains of Listeria monocytogenes with different susceptibilities towards sakacin P, using Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy. The strains were also analyzed using amplified fragment length polymorphism (AFLP) analysis. Based on their susceptibilities to sakacin P, the 89 strains have previously been divided into two groups. Using the FTIR spectra and AFLP data, the strains were basically differentiated into the same two groups. Analyses of the FTIR and Raman spectra revealed that the strains in the two groups contained differences in the compositions of carbohydrates and fatty acids. The relevance of the variation in the composition of carbohydrates with respect to the variation in the susceptibility towards sakacin P for the L. monocytogenes strains is discussed.
The food-borne pathogenic bacterium Listeria monocytogenes represents a major concern with respect to food safety, especially because the bacterium is able to grow in refrigerated ready-to-eat products with an extended shelf life, a consumer product type with increasing popularity (25) . Bacteriocins are antibacterial peptides produced by certain bacteria-for example, lactic acid bacteria (LAB)-in order to kill or inhibit the growth of other closely related bacteria (4) . LAB have been used for the production and preservation of food for a long time, and since both the bacteria and their bacteriocins have been consumed for centuries, they are generally regarded as safe to eat. Thus, it has been suggested that the growth of L. monocytogenes in food might be limited by the addition of bacteriocins and/or bacteriocin-producing LAB (16) . This suggestion has been supported by the results of several studies (8, 9) . Katla et al. (10) investigated 200 strains of L. monocytogenes isolated from food or food-processing facilities for their susceptibilities towards four bacteriocins produced by LAB, among them sakacin P, which is a class IIa bacteriocin (15) . The results showed that the different strains had different susceptibilities to the various bacteriocins. The reason for this variation is unknown, but if bacteriocins and/or bacteriocinproducing LAB are to be used as protective cultures against L. monocytogenes, it is important to understand the basis for this variation in order to certify the effects of these protective agents. A previous investigation of L. monocytogenes strains that were resistant to class IIa bacteriocins suggested that the resistance was coupled to several changes in the cell surfaces of the bacteria (26) .
Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy are chemical analytical methods that have also been used to collect information about whole bacterial cells (14) . The outputs from these methods are FTIR and Raman spectra that contain signals from the organic functional groups in the sample. Since the bands in FTIR spectra are due to polar functional groups while the bands in Raman spectra are due to nonpolar functional groups, FTIR and Raman spectroscopy are complementary techniques. Many of the functional groups seen in bacterial FTIR and Raman spectra can be attributed to specific biomolecules (proteins, lipids, carbohydrates, and nucleic acids), and therefore valuable information about the biochemical composition of the bacteria can be obtained (3, 22, 23, 27) . The aim of this work was to study the biochemical basis for the variation in susceptibility towards bacteriocins for strains of L. monocytogenes. This was done using FTIR spectroscopy and Raman spectroscopy to investigate the variation in the biochemical compositions of strains of L. monocytogenes with different susceptibilities to sakacin P.
MATERIALS AND METHODS
Strains and background information. Katla et al. (10) characterized 200 strains of L. monocytogenes with respect to their susceptibilities to sakacin P. When the susceptibilities of the 200 strains were plotted in decreasing order, the strains formed two groups, susceptibility group A and susceptibility group B, separated by a gap in susceptibility values between them. Of these 200 strains, the following 89 were selected for analysis by FTIR spectroscopy (Table 1) : the 20 strains closest to the sakacin P susceptibility gap, the 10 strains which are most susceptible to sakacin P, and the 10 strains which are least susceptible to sakacin P, with the remaining 49 strains being selected to cover the regions between the extreme points and the gap. The 20 strains closest to the sakacin P susceptibility gap were also analyzed using Raman microspectroscopy (Table 1) .
Sample preparation and FTIR measurements. For FTIR spectroscopy measurements, the strains were streaked out on tryptic soy agar (Oxoid, Basingstoke, United Kingdom), using a three-quadrant streak pattern, and incubated at 30°C for 24 h. After cultivation, the samples were prepared, and FTIR spectra were acquired as described by Oust et al. (17) , based on a procedure described by Helm et al. (7) . For each strain, FTIR spectra were acquired from three independently cultivated bacterial samples, resulting in three parallel FTIR spectra for each strain.
Sample preparation and Raman measurements. For Raman microspectroscopy measurements, which for simplicity will be referred to as Raman spectroscopy, the bacteria were grown on tryptic soy agar at 30°C for 24 h. The bacterial biomass from each agar plate was dissolved in 1 ml of distilled water before centrifugation at 2,400 ϫ g for 5 minutes. The cell pellet was transferred to a ZnSe crystal and divided into three deposits. The deposits were dried before spectra were collected using a Raman microspectrometer (Lab Ram; Jobin-Yvon-Horiba Raman Division, Lille, France) (18) . The 785-nm radiation from an Ar ϩ -pumped Ti-Sa laser (Spectra Physics, Les Ulis, France) was used for excitation in combination with a 100ϫ objective of an Olympus BX41 microscope (Olympus, France) for focus and collection of Raman scattered light. The confocal hole was set to 150 m. Under these conditions, the power at the sample was about 60 mW. The spectral range was 2,000 to 400 cm Ϫ1 , which was covered using two measurement windows, with an accumulation time of 15 seconds for each and a grating of 950 lines/mm. All data acquisition and control of experimental parameters were carried out using LabSpec 4.03 (Jobin-Yvon-Horiba, France). For each strain, Raman spectra were acquired from two independently cultivated bacterial samples, resulting in six Raman spectra for each strain.
Preprocessing of FTIR and Raman spectra. The FTIR spectra were preprocessed by calculating the second derivative, using a second-order Savitzky-Golay algorithm with nine smoothing points (7, 21) , before application of extended multiplicative signal correction (EMSC) (12) in the range from 3,200 to 720 cm Ϫ1 . The range from 3,200 to 720 cm Ϫ1 was used because this range contains most of the variation in the bacterial FTIR spectra. The purpose of calculating the second derivative was to remove broad underlying contours in the spectra due, for example, to water. EMSC on the second derivative spectra was applied to remove multiplicative effects (11, 12) .
The Raman spectra were preprocessed using EMSC in the range from 1,770 to 600 cm Ϫ1 . EMSC was run in the range from 1,770 to 600 cm Ϫ1 because above (13) . PCA was used to visualize the main variation and to detect clusters among the samples in the data set based on the FTIR/Raman spectra. PLSR was used to study the correlation between the variation in the FTIR/Raman spectra and other phenotypic knowledge about the L. monocytogenes strains. The optimal number of PLSR components and the significant variables in the PLSR models were calculated as described by Oust et al. (17) . P values below 0.05 were regarded as significant. Data analysis was performed with Unscrambler 9.1 (Camo, Trondheim, Norway).
AFLP analysis. Amplified fragment length polymorphism (AFLP) analysis is a fingerprinting method used to study genetic diversity. The 89 L. monocytogenes strains were analyzed using AFLP as described by Katla et al. (10) . The AFLP data were analyzed using PCA in Bionumerics software (Applied Maths BVBA, Belgium).
RESULTS
Eighty-nine strains of L. monocytogenes with different susceptibilities to sakacin P (10) were measured using FTIR spectroscopy and AFLP analysis. In addition, the 20 strains closest to the gap in sakacin P susceptibilities (10) were measured using Raman spectroscopy.
Analysis of FTIR and Raman spectra of the 20 strains closest to the gap in sakacin P susceptibilities. When PCA was used to analyze the 1,780-to-720-cm Ϫ1 range of the FTIR spectra of the respective 10 strains each from susceptibility groups A and B that are closest to the sakacin P susceptibility gap, the score plot showed that the 20 strains clustered in two groups, using a combination of PC1 and PC2 (Fig. 1) . The strains in the two groups obtained corresponded to the strains in susceptibility groups A and B, with the exception of strain 762 (Table  1) . PLSR using the range from 1,780 to 720 cm Ϫ1 as x and an indicator variable for differentiation between the strains in susceptibility groups A and B as y was performed (PLSR model number 1). Evaluation of the PLSR score plot showed that strain 762 still clustered with strains from the other susceptibility group (results not shown). If the FTIR spectra of strain 762 were removed from the data set, PLSR resulted in a model where PLS component 1 separated perfectly between the two groups (PLSR model 2). For the latter model, the correlation coefficient was 0.98 and the optimal number of components was two.
Visual inspection of the regression coefficients from PLSR model 2 showed that certain spectral regions were more important than others for differentiating between the two susceptibility groups (Fig. 2) . The regression coefficients were largest for the carbohydrate region (1, 200 to 900 cm Ϫ1 ), and most of the regression coefficients in this region were significant. For the fingerprint region (900 to 720 cm Ϫ1 ), the regression coefficients were somewhat smaller, but most of them were significant for differentiation of the two groups. For the mixed region (1,500 to 1,200 cm Ϫ1 ) and the protein region (1,700 to 1,500 cm Ϫ1 ), the regression coefficients were small, and few of them were significant.
Using PLSR, it was also shown that the fatty acid region (3,000 to 2,800 cm Ϫ1 ) of the FTIR spectra could be used to differentiate between the strains in susceptibility groups A and B (results not shown) (PLSR model 3). The resulting model had a correlation coefficient of 0.98, the number of components was four, and the score plot showed that a combination of PLS components 1 and 2 differentiated between the strains in susceptibility groups A and B.
When the Raman spectra (1,770 to 600 cm Ϫ1 ) of the 20 strains were analyzed with PCA, the score plot showed that PC2 differentiated between the two groups of strains. Similar to the results obtained from PCA of the FTIR spectra, strain 762 clustered with strains from the other susceptibility group and was therefore left out of further data analysis.
The Raman spectra of the 19 remaining strains were used as input for a PLSR calculation where the spectral range from FIG. 1. Score plot for PCA of FTIR spectra (1,780 to 720 cm Ϫ1 ) of 10 Listeria monocytogenes strains each from susceptibility groups A and B that are closest to the sakacin P susceptibility gap (10) . All three parallel FTIR spectra for each strain were included in the PCA. The strains marked with diamonds are from susceptibility group A, while the strains marked with circles are from susceptibility group B.
FIG. 2. Plot of regression coefficients from PLSR, with FTIR spectra (1,780 to 720 cm Ϫ1 ) of 20 strains of Listeria monocytogenes as x and an indicator variable for the differentiation of spectra from susceptibility groups A and B as y (PLSR model 2). Significant regression coefficients are marked with circles. The bands at 985 cm Ϫ1 and 840 cm Ϫ1 were two of several significant bands for differentiation of the two susceptibility groups.
1,770 to 600 cm Ϫ1 was run as x and an indicator variable to differentiate between the strains in the two susceptibility groups was run as y. The strains in the two groups were separated by PLS component 1, the correlation coefficient from the regression was 0.98, and the optimal number of PLS components was three (PLSR model 4). The regression coefficients from the PLSR are plotted in Fig. 3 . The figure shows that the range below 1,200 cm Ϫ1 contributed most to differentiation between Raman spectra for the strains in the two groups. The significant variables from the PLSR are also marked in the plot. Visual inspection of the P values indicated that three bands especially, namely 985 cm Ϫ1 , 840 cm Ϫ1 , and 675 cm Ϫ1 , were important in the PLSR (data not shown). When PLSR model 2 was reinvestigated with this in mind, it was seen that the bands at both 985 cm Ϫ1 and 840 cm Ϫ1 (Fig. 2) were among the significant bands for differentiation of the two susceptibility groups based on their FTIR spectra.
Grouping of all 89 L. monocytogenes strains based on their FTIR spectra. Above, it was shown that the strains closest to the sakacin P susceptibility gap could be differentiated into susceptibility groups A and B based on their FTIR spectra (Fig. 1) . In order to investigate whether this separation could be extended to the 69 remaining strains, their FTIR spectra were used as inputs into PLSR model 2 in order to determine the grouping of these strains. The results showed that based on this model, the 69 remaining strains were divided into two distinct groups, which we called spectroscopy groups A and B ( Table 1 ). The majority of strains in susceptibility group A were in spectroscopy group A, and the majority of strains in susceptibility group B were in spectroscopy group B. The exceptions were 12 of the strains in susceptibility group A and 2 of the strains in susceptibility group B, which fell in spectroscopy groups B and A, respectively.
Grouping of all 89 L. monocytogenes strains based on AFLP data. Analysis of the FTIR spectra showed that there was a consistent grouping of the 89 strains with respect to their chemical compositions. The grouping was investigated at the genetic level using AFLP analysis. The score plot from PCA of the AFLP data showed that the strains clustered in two groups, which we called AFLP group A and AFLP group B ( Table 1) . Most of the strains in susceptibility group A were in AFLP group A, and most of the strains in susceptibility group B were in AFLP group B. The exceptions were five of the strains from susceptibility group A and one of the strains from susceptibility group B, which fell into AFLP groups B and A, respectively.
DISCUSSION
Analysis of the FTIR and Raman spectra of the 20 L. monocytogenes strains closest to the sakacin P susceptibility gap showed that the strains in these two groups had different biochemical compositions and that the main variation in biochemical composition between the strains correlated with the variation in susceptibility to sakacin P. Based on this, it is tempting to suggest that the basis for the grouping of strains based on their FTIR spectra is related to the susceptibility to sakacin P.
The polysaccharide and fingerprint regions of the FTIR spectra were shown to be most important for differentiation of the strains in the two susceptibility groups. Bands from carbohydrates dominate the carbohydrate region, but there are also bands from nucleic acids (2) and phosphodiesters (14) , for example, phospholipids. Analyses of both the FTIR and Raman spectra showed that two bands, at 985 cm Ϫ1 and 840 cm Ϫ1 (Fig. 2 and 3) , were significant for differentiation of the two groups. According to Socrates (24) , the bands at 985 cm Ϫ1 and 840 cm Ϫ1 can be attributed to pyranose. Pyranose, which is a collective term for six-member sugar rings, is abundant in the cell walls of all bacteria, for example, in the peptidoglycan sheet. Since the carbohydrate region of the FTIR spectra mainly consists of bands from the bacterial cell surface, this result indicates that at least some of the variation in susceptibility towards sakacin P in L. monocytogenes is coupled to variations in the bacterial cell wall, and perhaps more specifically, to variations in pyranose. The molecular basis for the difference in susceptibility to sakacin P for the two groups of L. monocytogenes is still not clear. However, it has previously been shown that the cell surface of L. monocytogenes is involved in the response to class II bacteriocins (26) . More specifically, it has been suggested that the EII t Man permease, which is a transporter for glucose and mannose, also serves as a docking protein for class IIa bacteriocins in L. monocytogenes (5) . After the bacteriocin has recognized the docking molecule, it may form pores in the bacterial membrane (6) . It may be hypothesized that since different resistance levels to class II bacteriocins may be related to differences in the sugar transport apparatus, this could also have consequences for the composition of the carbohydrates in the cell wall as measured by FTIR and Raman spectroscopy. It should be noted, however, that none of the strains in the current study should be regarded as resistant towards bacteriocins since the susceptibility levels for the strains, as determined by Katla et al. (10) , are much lower than those for strains resistant to bacteriocins.
Analysis of the FTIR spectra showed that the composition of on September 27, 2019 by guest http://aem.asm.org/ fatty acids varied for the strains in each of the two susceptibility groups and that variation in the proteins was small. This seems to be in contrast to an earlier study, where it was shown that the strains clustered according to sakacin P susceptibilities on the basis of sodium dodecyl sulfate-polyacrylamide gel electrophoresis data for whole-cell proteins, while clustering could not be achieved based on data from fatty acid analysis (10) . The reason for the discrepancy with respect to the proteins might be that the clustering of the strains into two groups using the sodium dodecyl sulfate-polyacrylamide gel electrophoresis data was based on differences in rare proteins that are only a small part of the total protein content of the cell. For the fatty acid composition, no explanation for the discrepancy between the FTIR spectra and the fatty acid analysis has been found. When all 89 L. monocytogenes strains were grouped based on their FTIR spectra or AFLP data, the resulting groups (spectroscopy groups A and B and AFLP groups A and B, respectively) corresponded well to susceptibility groups A and B. One explanation for this might be that the strains in each of the two groups have a specific mechanism for dealing with sakacin P. The reason why grouping based on the FTIR spectra and AFLP data did not correlate to the susceptibility groups for some strains is not known, but one explanation could be that these strains have more than one mechanism to reduce their susceptibility towards sakacin P. This corresponds to a previous report (26) which discussed that several mechanisms are probably involved in bacteriocin resistance in L. monocytogenes.
The 89 L. monocytogenes strains belong to either serogroup 1/2 or serogroup 4 ( Table 1 ). Table 1 shows that there is a tendency that the strains with the lowest sensitivities to sakacin P are serogroup 1/2, while the strains with high sensitivities to sakacin P are both serogroup 1/2 and 4. Since the serology of L. monocytogenes is coupled to carbohydrate-containing proteins on the cell surface (20) , this is in accordance with the observations from the FTIR and Raman spectra.
In conclusion, the variation in biochemical composition of L. monocytogenes strains, as determined by FTIR and Raman spectroscopy, correlated with the variation in susceptibility towards sakacin P. Analysis of the spectra indicated that the variation in the carbohydrates was most important, which may be connected to properties of the cell wall of the L. monocytogenes strains.
